The incidence of the various types of arrhythmia induced by defibrillation in anesthetized dogs that had had continuous ventricular fibrillation for 30 seconds was studied as a function of the current strength and the duration of the unidirectional rectangular pulse used to terminate the fibrillation. Shocks at 10, 20, 40, 80, and 100 amp with durations in the range of 80 fisec through 64 msec were used. At any given energy level the incidence of induced arrhythmias was much larger for the 40-, 80-, and 100-amp shocks than for the 10-and 20-amp shocks. At 10 and 20 amp, the incidence of induced arrhythmias increased with increasing energy content. Premature ventricular contractions were observed at nearly all levels of energy and current, in contrast to other types of arrhythmias that appear to be strongly related to energy content or current amplitude or both.
ADDITIONAL KEY WORDS
closed-chest defibrillation countershock energy content of shock heart block premature atrial contraction premature ventricular contraction paroxysmal tachycardia idioventricular contraction • Electric shock can both induce and terminate cardiac arrhythmias and it is desirable to terminate the unwanted arrhythmias without at the same time introducing other serious arrhythmias. Peleska has published detailed studies concerning arrhythmias that follow From the Department of Pediatrics and the Section of Thoracic and Cardiovascular Surgery, Department of Surgery, University of Missouri, Columbia, Missouri 65201.
This work was supported by U. S. Public Health Service Research Grant HE-09729 from the National Heart Institute. Dr. Schuder was an Established Investigator of the American Heart Association.
The work was reported in part at the 20th Annual Conference on Engineering in Medicine and Biology, Boston, Massachusetts, November 13, 1967.
Accepted for publication July 1, 1968. capacitor discharges through the chest (1) . In later papers he extended this study to include discharges in which an inductor was inserted in series with the capacitor (2, 3) . In all of these studies, the strength of the shock was adjustable, but the waveform could be changed in only a rather limited and restricted fashion. Early in the clinical application of countershock for the termination of arrhythmias other than ventricular fibrillation, it became apparent that induced arrhythmias were among the complications of the procedure. Rabbino and colleagues have pointed out that the induced arrhythmias, while usually benign, may sometimes lead to ventricular fibrillation or cardiac standstill Circulation Research, Vol. XX1I1, September 1968 (4) . Lovvn (5) has observed that whether or not the patient was digitalized is important in determining the frequency and nature of the arrhythmias induced by electric countershock. Ten Eick et al. have recently published an experimental study of post-countershock arrhythmias in untreated and digitalized dogs (6) . In their study, the shock was supplied by a standard commercial d-c defibrillator utilizing a capacitor-inductor circuit in which the energy content of the shock was the primary independent variable.
The present paper, based on a total of 3,360 fibrillation-defibrillation episodes, describes a series of experiments in which unidirectional rectangular countershocks derived from a 24,000-watt vacuum tube amplifier or a 600,000-watt hydrogen Thyratron defibrillator were applied to the chest of dogs in ventricular fibrillation. The incidence and nature of the induced arrhythmias as a function of the strength and duration of the applied shock are reported.
Methods
Equipment.-A special vacuum tube amplifier, which has been described elsewhere (7) , was used to induce fibrillation, to supply the 10-and 20-amp unidirectional rectangular pulses used in defibrillation, and to furnish a highly effective additional shock when the shock being evaluated proved unsuccessful. The 40-, 80-, and 100-amp unidirectional rectangular defibrillatory pulses were furnished by a hydrogen Thyratron pulse generator (8) . A high voltage relay, interlocked with the hydrogen Thyratron unit, automatically disconnected the electrocardiogram-monitoring apparatus during the stronger shocks. A protective network furnished isolation during the shocks supplied by the vacuum tube amplifier. Reproductions of the oscilloscope traces of the unidirectional rectangular waveforms which can be supplied by this combination of equipment have been published (9) .
In addition to being presented on a cathoderay oscilloscope tube for direct viewing, the electrocardiograms following defibrillatory shocks were recorded with a modified magnetic tape unit that included an electronic stepping circuit. The stepping circuit automatically introduced a d-c bias signal and enabled the significant information in the electrocardiogram to be recorded even in the presence of a relatively large d-c signal that is sometimes present in the electrocardiogram in the period immediately following an electroshock. In approximately 85% of the records, this arrangement yielded meaningful electrocardiograms within 3 seconds of the applied shock.
Procedure.-Six or more mongrel dogs were used in evaluating the arrhythmias induced by a shock of any given amperage and duration. The animals were anesthetized with pentobarbital sodium injected intravenously at approximately 27.5 mg/kg body weight; additional amounts were sometimes needed during the procedure. Electrodes, 9 cm in diameter, were covered with Redux paste and taped to the anterior part of the chest. The left electrode was over the apex of the heart and the right electrode somewhat to the right of midline and higher on the chest.
The vacuum tube amplifier was used to administer a low-current shock to induce ventricular fibrillation. After 30 seconds of continuous fibrillation, a shock supplied by either the vacuum tube amplifier or the hydrogen Thyratron pulse generator was applied to the chest of the animal. If defibrillation occurred on the first trial, the resulting electrocardiogram was recorded on magnetic tape for 25s minutes. The magnetic tape was later transcribed onto paper for the careful evaluation of the arrhythmias present. This evaluation was performed by one of us (H.S.) without prior knowledge of the amperage and duration being studied. If defibrillation did not occur on the first trial, a second shock of known high effectiveness was used to revive the animal and the resulting electrocardiogram was disregarded. If repeated additional shocks failed, external massage was used and the animal replaced by another for the remainder of the series. A series consisted of 20 fibrillation-defibrillation episodes.
Five more series, using additional animals, were conducted for the evaluation of the arrhythmias associated with each amperage and duration studied. Hence, the arrhythmias associated with the different types of shocks (each defined by a specific amplitude and specific duration) were evaluated by 120 tests. Each dog was subjected to not more than 20 shocks of any one type. The dogs were usually used again in the study of other types of shocks.
The data for the 10-and 20-amp shocks were obtained with shocks having moderately long rise and fall times (approximately 200-yu,sec turn-on and 400-jU.sec turn-off time). The data for the 40-, 80-, and 100-amp shocks were obtained with shocks having very short rise and fall times (about 3 fisec). Both defibrillator units were capable of supplying 1-msec, 20-ampere shocks. 
Results
Because the 40-, 80-, and 100-amp shocks were supplied by the hydrogen Thyratron defibrillator and the 10-and 20-amp shocks by the vacuum tube unit, it is necessary to ask whether it is likely that the differences in the incidence of observed arrhythmias could, in fact, be due to the very considerable difference in the rise and fall times of the shocks supplied by the two units rather than by the difference in strength and duration of shock for which the experiment was designed to test.
This question can be answered by analysis of the data of Table 1 , which indicates no significant differences between the shocks from the two units with respect to the ratio of premature ventricular contractions or observed arrhythmias to successful defibrillations, or successful defibrillations to total trials. An earlier study also yielded no significant differences in the ratio of successful defibrillations to total trials (9) .
We conclude, then, that the observed differences in the incidence of arrhythmias for the different types of shock are probably due to the amplitude and duration of the shocks and not to the somewhat extended rise and fall times associated with the 10-and 20-amp shocks.
Most of the experimental results are summarized in Table 2 . Each horizontal entry in the table represents the data from 120 fibrillation-defibrillation episodes. The column Circulation Research, Vol. XXlll, September 1968 headed "Paroxysmal tachycardia" includes both paroxysmal atrial tachycardia and ventricular tachycardia because in approximately 85% of the relevant tracings it was not possible to distinguish between them. The arrhythmia labeled "Idioventricular contraction" was seen only in the first part of the tracings and was characterized by a slow rate, a wide QRS complex, and a low amplitude. "Premature ventricular contraction" represents an arrhythmia characterized by a greater amplitude and less widening of the QRS than was present in the idoventricular contraction. In the graphical presentation in Figures 1 through 3 of the data of Table 2 , it is convenient and informative to plot curves of effectiveness or incidence of arrhythmias against the energy content of the shock. For unidirectional rectangular waveforms, the energy content of a shock (in joules) is the product of the current (in amperes) squared, the resistance of the chest (in ohms), and the duration of the pulse (in seconds). A representative value of 60 ohms (compatible with earlier measurements) is assumed for the resistance of the chest in calculating specific energy contents in Table 2 .
Families of curves relating the percent success of ventricular defibrillation and the energy content of the shocks are shown in Figure 1 ; with the exception of the point
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FIGURE 1
Relation between percent success of ventricular defibrillation and energy content of unidirectional rectangular shocks. 
Relation between percent of successful shocks accompanied by an arrhythmia of any type and energy content of unidirectional rectangular shocks.
corresponding to the 2-msec, 10-amp shock, which is not plotted, the data are the same as in Table 2 . Because the data points appear to fall along fairly well-defined paths, smooth curves are sketched for the five levels of current. Figure 2 represents data tabulated in the last column of Table 2 . Here, an arrhythmia may be of any kind and of any duration, and may occur at any time during the 2Mminute interval following a successful defibrillation. Multiple arrhythmias of long duration are not differentiated from a single type of arrhythmia of short duration. For example, the 30% figure associated with the 4-msec, 10-amp shock means that in 70% of the successful defibrillations, no arrhythmias of any kind were observed. Figure 3 represents an attempt to reflect the presence or absence of multiple types of arrhythmias. The vertical position of a point represents the summation (expressed in decimal form) of the percentage figures for the five types of arrhythmias explicitly listed in Table 2 plus, occasionally, a contribution from a type of arrhythmia such as atrial flutter not listed in the table. For example, the 2.18 value for the right-most data point in the lOO-amp curve means that on the average, slightly over two types of arrhythmias will be identifiable in a trace following a successful defibrillation. Again, no data are presented concerning the duration of the observed arrhythmias.
Discussion and Conclusions
While generally similar, the curves of Figure 1 differ in several respects from those previously published by us (9, 10) . In earlier work, the 10-and 20-amp curves coincided at nearly 100% effectiveness over a considerable range of energy. In Figure 1 , the 10-amp curve is considerably beneath the 20-amp curve. The fact that the right-most points on the 80-and lOO-amp curves are below the peaks of the curves is also at variance with previous results.
Several important conclusions follow from the families of curves in Figures 2 and 3 . First, it is quite clear that energy content alone is not sufficient to predict the incidence of induced arrhythmias. Whether expressed in terms of the average number of observed arrhythmias per shock or the percent incidence of any arrhythmia, the 40-, 80-, and lOO-amp shocks are significantly more harmful than the 10-and 20-amp shocks at any given energy level. By delivering the energy at higher power levels and in shorter pulses, one appreciably increases the production of arrhythmias. Second, it is evident that at 10 so ioo
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FIGURE 3
Relation between average number of types of arrhythmia per successful shock and energy content of unidirectional rectangular shocks. and 20 amp the average number of arrhythmias per shock and the percent incidence of any arrhythmia tend to increase with increasing energy content of the shock. The proximity of the 10-and 20-amp curves suggests that they are nearly equivalent in terms of the arrhythmias produced. It is of interest that a 4-msec, 20-amp shock having an energy content of 96 joules is 100% effective in reversing induced ventricular fibrillation in dogs and results in electrocardiograms having identifiable arrhythmias in slightly less than half of the episodes. Finally, it is to be observed that the 40-, 80-, and 100-amp shocks result Circulation Research, Vol. XXIII, September 1968 in at least a 70% incidence of arrhythmias, even at quite low levels of energy content.
From Table 2 , it appears that complete heart block is entirely or almost entirely absent in the period following the application of the lower-current defibrillatory shocks. It is present, with an incidence in excess of 1%, only when 80-or 100-amp shocks of relatively high energy content are used. From these data, one must conclude that complete heart block is more closely associated with the current strength of the shock than it is with its energy content.
In Table 2 we observe a pattern for the premature atrial contraction which is similar to that for complete heart block. Except for the 784-joule, 20-amp shock, the incidence of premature atrial contraction is very low at the lower current levels. In general, the incidence of premature atrial contraction is appreciable at the 80-and 100-amp levels. Table 2 indicates that with the exception of the 10-amp, 12-joule point, premature ventricular contractions are present with a relatively high incidence at all of the current and energy levels presented. This finding is in sharp contrast to that for the other arrhythmias, all of which appear to be strongly related to the strength of the current and/or the energy content of the shock. In a sense, the data suggests that the premature ventricular contraction may be termed the "universal arrhythmia" for unidirectional rectangular shocks.
Paroxysmal tachycardia is rarely induced by shocks with less than 80 amp and an energy content below perhaps 100 joules. At the 100-amp level and in the higher energy region of the 20-amp curve, an appreciable incidence of paroxysmal tachycardia is observed. Although it is not certain, the data suggest that the incidence of paroxysmal tachycardia is an increasing function of both current strength and the energy content of the shock.
The data for idioventricular contractions are difficult to understand. Although there were no idioventricular contractions at the lower energy levels for the 10-, 20-, and 80amp curves, there was a high incidence of these in the same energy region for the 40-amp curve. Furthermore, no clear trend at the higher energy levels is apparent.
